emissions. There are potential conflicting effects of cover crops on direct N 2 O emissions.
Winter cover crops have been shown to effectively scavenge soil mineral N to prevent NO 3 leaching losses (Kaspar et al., 2012; Parkin et al., 2002; Tonitto et al., 2006; Iowa State University, 2014) , and by depleting the soil mineral N pool, cover crops may also reduce gaseous N losses. The presence of living plants has been shown to effectively compete with denitrifiers for available NO 3 , thus reducing gaseous N loss (Haider et al., 1989; Smith and Tiedje, 1979) . This effect, if manifested, would only occur during the few months of cover crop growth when soil temperatures are cool. During warmer periods after cover crop termination, increased microbial N immobilization stimulated by the dead cover crop biomass could also decrease soil mineral N pools (McSwiney et al., 2010) , thus reducing N susceptible to N 2 O losses. Conversely, the dead cover crop biomass could be a source of available C to fuel microbial denitrification. Additionally, microbial decomposition of the dead cover crop biomass can stimulate O 2 consumption and create denitrifying hotspots (Parkin, 1987) . These stimulatory effects on denitrification may be exacerbated, and N 2 O emissions increased, if fertilization of the main crop occurs in close coincidence with the cover crop kill date (SarkodieAddo et al., 2003; Petersen et al., 2011; Mitchell et al., 2013) . Thus, there are potential conflicting effects of cover crops on N 2 O emissions that depend on the temporal interactions of C substrate availability, inorganic N availability, temperature, and soil water status. A recent meta-analysis of 26 published studies found that, in 60% of the studies, cover crops increased N 2 O emissions, while decreased emissions were observed in 40% of the studies (Basche et al., 2014) . A notable result of this analysis is that, among the numerous controlling factors (N rate, tillage, cover crop type, precipitation, soil C), the measurement period showed a significant effect. Shorter term studies that measured N 2 O emissions during cover crop decomposition showed that cover crops stimulated N 2 O emissions, whereas studies performed over annual periods tended to indicate no effect of cover crop on N 2 O emissions. The strong temporal effects during the decomposition period increased the availability of a C substrate by the cover crops in the presence of available mineral N, especially if fertilizer N application occurred during this period. Clearly, long-term studies are needed to account for the annual and interannual variability of direct N 2 O emissions.
Strategies that improve N use efficiency by the cash crop are thought to reduce direct and indirect N 2 O emissions (Cole et al., 1997) . Winter cover crops can be used to tighten soil N cycling, improving N use efficiency by reducing NO 3 leaching losses (Snyder et al., 2014) . Thus, by reducing NO 3 losses, indirect emissions of N 2 O may be reduced (Ogle et al., 2014) . The Intergovernmental Panel on Climate Change (IPCC) Tier 1 approach to estimating indirect emissions from NO 3 leaching involves applying an emission factor of 0.0075 kg N 2 O-N kg −1 NO 3 -N leached. This factor is comprised of three subfactors to account for N 2 O emissions from groundwater (EF 5g ), estuaries (EF 5e ), and rivers (EF 5r ). The Tier 1 approach assigns each of these subfactors equal weight (0.0025 kg N 2 O-N kg −1 NO 3 -N); however, recent work has indicated that the riverine subfactor (EF 5r ) may underestimate emissions. Turner et al. (2015) found that indirect emissions from riverine systems in southern Minnesota were underestimated by 40% when the IPCC EF 5r factor was used. In a short-term study of the Upper Thurne catchment in England, Outram and Hiscock (2012) estimated EF 5r emissions factors as high as 0.0061 kg N 2 O-N kg −1 NO 3 -N, approximately 2.5 times greater than the IPCC default EF 5r value. From an analysis of 866 river networks, Beaulieu et al. (2011) estimated a global EF 5r factor of 0.0075 kg N 2 O-N kg −1 N inputs, threefold higher than the IPCC default factor. Thus, there is increasing evidence that indirect emissions may be more important than previously thought.
The objective of this study was to determine the effects of a winter rye cover crop incorporated into a corn-soybean rotation on direct N 2 O emissions measured with soil chambers and on estimated indirect N 2 O emissions from NO 3 leaching losses measured in tile drainage.
MATERIALS AND METHODS
A field study was established in 1999 in central Iowa (42.05° N, 93.71° W). The two predominant soils at the site were a Canisteo silty clay loam (a fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquoll) and Nicollet loam (a fineloamy, mixed, superactive, mesic Aquic Hapludoll) (Andrews and Diderikson, 1981) . Soil properties are shown in Table 1 . Field plots were laid out in a randomized complete block design with four replications. The plots were 30.5 m wide by 42.7 m long, and each plot contained a tile drainage pipe running down the center of the plot.
Agricultural Management
The cropping system treatments evaluated in this study were a no-till corn-soybean rotation with or without a rye winter cover crop. Soybean and corn were planted in alternate years, thus both cash crops were not present in the same year. However, the rye winter cover crop was planted every year following the cash crop. Management details are given in Table 2 . Plots were deep-ripped in fall 1999 after the tile lines were installed, and disked in the spring of 2000. Plots were not tilled in 2001 before planting soybean or in years after 2002. Weed control was performed with pre-emergence herbicides in corn and with glypho- were applied during planting in or near the plant row at N rates shown in Table 2 . After corn planting, a sidedress application of N fertilizer as liquid urea-NH 4 NO 3 was applied with a spokewheel fertilizer injector (Baker et al., 1989) at rates and dates given in Table 2 . Phosphorus and K fertilizers were subsurface banded in the fall before corn years based on soil tests. The cereal rye winter cover crop was drilled after harvest at 2.5 ´ 10 6 seeds ha −1 in 2003 to 2011. In the fall of 2012, the rye cover crop was broadcast seeded (3.13 ´ 10 6 seeds ha −1 ) into the standing corn crop with a high-clearance tractor before corn harvest. The rye was chemically killed with glyphosate applied at 1.12 kg a.i. ha −1 6 to 12 d before planting of the main crop each spring. The control treatment (designated "no rye") was a normal corn-soybean management system without a rye winter cover crop.
Cover Crop Biomass
Cover crop shoot dry matter samples were collected in the spring of each year within a day of glyphosate application. Three samples were taken from each plot by clipping at the soil surface all the rye plants found within a sampling frame 0.76 m wide and 0.50 m long. For each sample, the frame was centered on a row of the previous main crop so that the 0.76-m side of the frame was perpendicular to the row direction. Samples were dried at 40°C, weighed, and ground. Ground samples were analyzed for C and N content using the dry combustion-gas chromatography method (Schepers et al., 1989) with an EA1112 Flash NC Elemental Analyzer (Thermo Electron Corp.). Shoot dry weights and N uptake were calculated on an area basis.
Nitrous Oxide Emissions (Direct and Indirect)
Soil N 2 O emissions were measured from March 2004 to December 2014. Two polyvinylchloride (PVC) rings (30-cm diameter, 10 cm tall) were installed in each plot to a depth of approximately 6 cm to serve as anchors for flux chambers. In each plot, one ring was installed directly in the planting row and then other in the interrow area. Anchors were left in place during the entire sampling period except when removed for planting or fertilizer operations. After fertilizer application in corn years, the in-row chambers were placed so that they contained a single fertilizer injection point. Flux measurements were performed by placing vented chambers (30-cm diameter, 10 cm tall) on the rings and collecting gas samples 0, 15, 30,and 45 min following chamber deployment (Parkin and Kaspar, 2006) . In all years except 2010, flux measurements were done once per week from April to September, twice per month in October and November, and once per month in December, January, and February. In 2010, flux measurements were made twice each week from April to September and weekly in September through December. In some years, snow accumulation prevented flux measurements in January and February. From daily measurements made by automated chambers, we estimate that approximately 88% of the annual N 2 O emissions at this site occur between April and October (Parkin, unpublished data, 2006) . Based on a previous analysis (Parkin, 2008) , a 7-d sampling interval would have a 90% probability of estimating the N 2 O flux with an accuracy of ±20%. Sampling was typically done between 8:00 AM and noon to minimize diurnal biases (Parkin, 2008) . Flux chambers were constructed from PVC and covered with reflective tape. At each time point, chamber headspace gas samples (11 mL) were collected with polypropylene syringes and immediately injected into evacuated glass vials (6 mL) fit with butyl rubber stoppers. Nitrous oxide concentrations in the samples were determined by gas chromatography with a Shimadzu Model GC17A or SRI Model 8610D (SRI Instruments). Each gas chromatograph was equipped with a 63 Ni electron capture detector and a stainless steel column (0.3175-cm diameter, 74.54 cm long) with Porapak Q (80-100 mesh). Samples were introduced into the gas chromatograph using an autosampler described by Arnold et al. (2001) . Nitrous oxide fluxes were computed from the change in N 2 O concentration with time using either linear regression or the algorithm developed by Hutchinson and Mosier (1981) to account for diffusion effects (Parkin and Venterea, 2010). Cumulative N 2 O emissions for each ring location were calculated by linear interpolation and numerical integration between sampling times. Cumulative N 2 O flux estimates for each plot were taken as the average of the cumulative fluxes of two individual rings within that plot. No weighting was applied to the in-row and between-row chambers when the plot means were calculated. The distance between spokes on the fertilizer spoke injector was 19 cm, resulting in a field fertilizer point density of 6.9 fertilizer points m −2 . The two N 2 O emissions chambers placed in each plot enclosed a total area of 0.14 m 2 . Because one of the chambers contained a single fertilizer point (in the corn years), the fertilizer point density of the plot emissions was 7.07 fertilizer points m −2 . The difference between the field fertilizer point density and the N 2 O measurement fertilizer point density (0.17 fertilizer points m −2 ) was 2.5%. Based on our precision of N 2 O measurement at ambient N 2 O concentrations (?5%), our estimated minimum detectable flux is 4.2 g N 2 O-N ha −1 d −1 . Of the 6185 N 2 O emissions measurements made in this study, approximately 30% were below the detection limit. In these cases, we followed the recommendation of Gilbert (1987) and calculated the flux of the non-detects in computing the cumulative emissions.
Nitrate and Nitrous Oxide Loss in Tile Drainage
The individual tile lines from each plot drained into sumps that contained instrumentation to quantify flow and collect water samples for chemical analyses. Details on the installation and sampling of the tile drain system were given by Jaynes et al. (2008) . Water samples were returned to the laboratory and refrigerated in the laboratory at 4°C until analysis. Samples were analyzed for NO 3 (NO 3 + NO 2 ) using a Lachat autoanalyzer (Zellweger Analytics, Lachat Instrument Division). The mass of NO 3 exported in the tile drainage water from each plot was calculated by multiplying the NO 3 concentration of a flowweighted water sample by the volume of water discharged during the time the sample was collected. The cumulative annual NO 3 load from each plot was calculated by summing across all samples in a calendar year, and the cumulative NO 3 was calculated by summing annual cumulative NO 3 losses during the 10-yr study period. Additionally, dissolved N 2 O concentrations in the tile drainage water were determined five times during the period of March to May 2004. Tile water samples from the rye cover crop and no-rye plots were collected by withdrawing with a syringe a 10-mL volume of water flowing from the tile lines. The water was immediately injected into evacuated 26.5-mL glass vials sealed with butyl rubber stoppers, and the vials were placed on ice. In the laboratory, the headspace pressure in the vials was adjusted to atmospheric pressure with He, the vials were shaken for 30 s to equilibrate the dissolved N 2 O with the headspace, and N 2 O concentrations of the headspace of each vial was determined with a gas chromatograph. The Bunsen coefficient for N 2 O was used to determine the dissolved N 2 O concentrations in the tile water using the procedure described by Tiedje (1994) .
Indirect Nitrous Oxide Emissions
Indirect N 2 O emissions resulting from NO 3 exported in the tile drainage water were estimated using several different emissions factors for N 2 O from NO 3 leaching. The Tier I IPCC protocol (IPCC, 2006) for estimating indirect N 2 O emissions from NO 3 leaching prescribes multiplying the mass of NO 3 leached by a default factor of 0.0075 kg N 2 O-N kg −1 NO 3 -N leached. This default emission factor is comprised of three equal subfactors (0.0025 each) that partition the indirect emissions among groundwater, estuaries, and rivers (designated EF 5g , EF 5e , and EF 5r , respectively). We calculated indirect emissions using the default factor of 0.0075 along with the lower and upper values of the uncertainty range (0.0005-0.025 kg N 2 O-N kg −1 N leached). The default emission factor and the lower and upper values of the EF 5 uncertainty range were multiplied by the total NO 3 -N lost in tile drainage during the 10-yr period for each plot. Total cumulative (direct + indirect) emissions were calculated for each plot and statistical analyses (see below) performed to assess the cover crop effects. Nitrogen loss in runoff was insignificant on our plots. Indirect emissions associated with volatile N losses (NH 3 , NO x ) were not estimated.
Ancillary field Measurements
Daily precipitation totals and average air and soil temperatures were collected at a meteorological station 5.4 km southwest of the study area (Iowa State University, 2016). Soil temperatures (5 cm) were measured at the time of gas sampling using a digital soil thermocouple temperature probe. Surface soil water content (0-6 cm) was measured using an ML2 soil moisture sensor (Delta-T Devices) at the times when N 2 O emissions were measured.
Soybean and corn grain yields were determined by harvesting the entire plot area, weighing the grain, and measuring the grain moisture. Grain yields are reported for 0.155 g H 2 O g −1 grain for corn and 0.130 g H 2 O g −1 grain for soybean.
Statistics
The experimental design was a randomized complete block design with two treatments and four blocks. Cumulative direct N 2 O losses during the 10-yr study were calculated by summing the cumulative annual N 2 O emissions for all years for each replicate plot. The N 2 O data for all 10 yr were combined and analyzed for main crop and cover crop treatment effects using twoway ANOVA. Multiple comparisons were performed with the Holm-Sidak test. Cover crop effects were assessed by performing a t-test on the 10-yr cumulative emissions. Within each main cash crop, the effect of year and cover crop was tested by two-way ANOVA and differences determined by the Holm-Sidak test. Cover crop effects on the 10-yr cumulative NO 3 leaching losses and associated calculated indirect N 2 O emissions were assessed using the Mann-Whitney rank sum test. All statistical analyses were conducted using Sigma Stat (Version 9.2). Correlation between annual cumulative N 2 O emissions and annual precipitation was assessed using the Pearson product moment test. Because our interest was in evaluating the overall treatment ef-fects for the entire period, cumulative emissions were used. As pointed out by Kravchenko and Robertson (2015) , "In this case, the response will not be affected by the temporal correlation problems, and heterogenous variance among individual time points…"; thus, repeated measures analysis was not used.
RESuLTS

Grain yield and Cover Crop Growth
In the corn years and soybean years, there were no significant differences in grain yields between the cover crop and no cover crop treatments (P > 0.1) ( Table 3) . Cover crop biomass and N uptake (shoots only) are also shown in Table 3 . Cover crop growth varied from a low 0.49 (2009) 
Cumulative Direct Nitrous Oxide Losses
Annual N 2 O emissions ranged from 1.02 to 12.5 kg N ha −1 yr −1 during the 10-yr period of this study (Table 4) . Analysis of variance indicated that the cover crop treatment did not significantly affect total direct N 2 O emissions averaged across the 10 yr (P = 0.327); however, the main crop was significant (P < 0.001). Annual Although a cover crop did not affect direct N 2 O emissions, the main cash crop did have an effect. The average N 2 O emissions for the corn years (across the rye and no-rye treatments) was 7.51 kg N 2 O-N ha −1 yr −1 , which was significantly higher (P < 0.001) than the average N 2 O emissions when soybean was the main crop. Within a given main crop, year had a significant effect. Under corn, the average N 2 O emissions in 2012 were significantly lower (P < 0.05) than all the other years, and the average emissions in 2010 were significantly higher than the average emissions in 2006, 2008, and 2012 . In 2013, the average emissions in soybean were significantly lower than the average emissions in 2005 and 2011 (P < 0.05).
Annual N 2 O emissions under corn were positively correlated to annual precipitation in the no-rye treatment (Table 4) . For this relationship, a significant (P < 0.001) correlation coefficient (r = 0.993) was observed. However, the correlation coefficient between N 2 O and precipitation in the rye treatment (r = 0.798) was not significant (P = 0.105). Correlation coefficients between precipitation and N 2 O in the no-rye treatment (r = 0.598) and the rye treatment (r = 0.555) were not significant (P > 0.39) during soybean years.
Ten-year Nitrate Leaching and Indirect Nitrous Oxide Emissions Estimates
Nitrate exported in the tile drains was summed for each plot during the 10 yr study (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) and cumulative treatment means calculated (Table 5 ). The presence of a rye cover crop significantly (P = 0.029) reduced NO 3 -N leaching losses (no rye = 359.2 kg NO 3 -N ha −1 ; rye = 166.6 kg NO 3 -N ha −1 ). Indirect N 2 O losses were estimated from NO 3 leaching losses by application of the IPCC (2006) In addition to indirect emissions, losses of dissolved N 2 O in water leaching from the rooting zone were measured to calculate an EF 5g emission factor. Dissolved N 2 O concentrations in the tile drainage water were measured (Table 6 ). Sampling of the tile drainage water was conducted on five dates in late spring to early summer of 2004 (Table 6 ). Mean N 2 O concentrations ranged from 2.6 to 8.6 mg N 2 O-N L −1 in the spring before N fertilization and ranged from 32.6 to 45.2 mg N 2 O-N L −1 in June after fertilization. There were no significant treatment effects on tile water N 2 O concentrations on any sampling date. Total dissolved N 2 O exported in the tile drainage water was not significantly affected by cover crop treatment (Table 7) . Conversely, NO 3 leaching losses in 2004 were significantly reduced by the rye cover crop (P = 0.01). It should be noted that whereas tile water N 2 O concentrations were measured only in the period of March to June, approximately 88% of the total annual flow and >90% of the NO 3 leaching losses occurred during this period. From these calculations we estimate that 76.9 and 51.2 g N 2 O-N ha −1 was lost from the no-rye and rye treatments. Indirect N 2 O emissions factors associated with NO 3 leaching in groundwater (EF 5g ) calculated from NO 3 and N 2 O loads were estimated to be 0.00146 and 0.00212 for the no-rye and rye treatments, respectively.
DISCuSSION
Cover crops have the potential to impact N 2 O emissions in both positive and negative directions. During active cover crop growth, N uptake can reduce soil N levels (Tonitto et al., 2006) and decrease soil water content (Basche et al., 2016; Kaspar and Singer, 2011) -conditions that lead to lower N 2 O production. In no-till systems, however, after cover crops are killed, the biomass left on the surface may serve to retain soil water (Basche et al., 2016; Dabney, 1998) , promoting conditions conducive to denitrification. Dead cover crop biomass may also stimulate N 2 O production both directly, by serving as a C source for denitrifiers, and indirectly, by stimulating O 2 consumption by heterotrophic microorganisms. These effects may be amplified if N fertilization occurs during cover crop decomposition and/or the soil water content and soil temperature are conducive to denitrification. Additionally, leguminous cover crops can increase mineral N susceptible to denitrification (Shelton et al., 2000) . However, a non-leguminous cover crop biomass with a high C/N ratio, such as rye, may promote N immobilization and reduce the N susceptible to N 2 O losses (McSwiney et al., 2010) . Thus, manifestation of these potential stimulatory or inhibitory effects is a function of timing.
In their meta-analysis, Basche et al. (2014) recognized that cover crops may differentially affect direct N 2 O emissions during different periods during an annual cycle. Their analysis used a log response ratio (LRR) metric: 
where negative values of LRR indicate that cover crops reduce N 2 O emissions and positive values are indicative of enhanced N 2 O emissions in the presence of the cover crop. Basche et al. (2014) observed that the highest response ratios occurred during the period of cover crop decomposition (LRR ? 1.75), which extended from cover crop termination to 2 to 8 wk after cover crop termination. However, this analysis included data from both legume and non-legume cover crops. When high C/N ratio and low C/N ratio cover crop residues were analyzed separately, the non-leguminous cover crops had response ratios that were predominantly less than zero, although systems with leguminous cover crops had LRRs that were generally greater than 1, indicating that legume cover crops stimulated direct N 2 O emissions while non-legume cover crops decreased N 2 O emissions. During cash crop growth, the average response ratio with cover crops was significantly greater than zero, indicating a stimulation of N 2 O emissions due to cover crops. Again, this result could have been influenced by the inclusion of legume cover crops in their analysis. During the period of active cover crop growth, there was no effect of the rye cover crop on direct emissions, as indicated by a LRR of zero (Basche et al., 2014) . They also observed that, on an annual basis, cover crops only slightly increased N 2 O emissions (mean LRR ? 0.1). of rye cover crop on cumulative NO 3 leaching losses, estimated indirect N 2 O emissions, and measured direct N 2 O  emissions for the 10-yr period of this study (2004-2013). Indirect emissions estimated by the IPCC Tier 1 methodology using the  default emission factor (Ef 5 ) of 0.0075 kg N 2 O-N kg N leached −1 , along with the low and high estimates of indirect emissions (in  parentheses) When applied to the data of this study, an LRR analysis showed somewhat different results (Fig. 1) . We observed that when corn was the main cash crop, the LRR tended to be higher than under soybean. Also, during the period of cover crop decomposition (the period of 4-8 wk between the times of cover crop termination and sidedress N application), the cover crop tended to increase N 2 O emissions (LRR > 0) but tended to reduce N 2 O emissions under soybean (LRR < 0). Finally, during an annual cycle, the rye cover crop tended to reduce N 2 O emissions under both corn and soybean, as indicated by the negative values of LRR. Differences between the Basche et al. (2014) analysis and our data may lie in the fact that they did not parse out leguminous vs. non-leguminous cover crop effects for the annual period and did not distinguish between years when fertilizer was added (i.e., corn vs. soybean years).
Whereas this type of analysis may indicate underlying mechanisms influencing cover crop effects, it ignores the magnitude of the emissions during the periods of interest. In our study, despite the fact that the LRR was positive during the cover crop decomposition phase in corn years, N 2 O emissions accounted for only 12% (no rye) and 16% (with rye) of the total annual emissions. In contrast, most of the annual N 2 O emissions in corn years occurred during the corn growth period (65% for the norye treatment; 59% for the rye treatment). Under soybean, there were no differences in the no-rye and rye treatments, and the distribution of annual N 2 O emissions among the decomposition, cover crop growth period, and cash crop growth period averaged 9.4, 39.2, and 51.4%, respectively.
On an annual basis, we observed no significant effect of a rye cover crop on direct N 2 O emissions. This result is similar to other studies evaluating non-leguminous cover crops. In a 4-yr study, Smith et al. (2011) observed no significant differences in direct N 2 O emissions in a no-till corn-soybean system with and without a winter rye cover crop. Similarly, in their no-till corn system, Parkin and Kaspar (2006) observed no significant effect of the rye cover crop. In a 1-yr study on a corn-soybean site, Mitchell et al. (2013) observed that a winter rye cover crop significantly reduced N 2 O emissions in their zero-fertilizer treatment, significantly increased N 2 O emissions in the 135 kg N ha −1 fertilizer treatment, and had no effect at 225 kg N fertilizer ha −1 .
Although we did not observe a significant cover crop effect in direct N 2 O emissions, our data showed a trend of decreased emissions in cover crop systems. Cumulative annual emissions were numerically lower in 7 of the 10 yr in the cover crop treatment. Possibly annual variations played a role in failing to demonstrate significance. The period of our study included the second wettest (2010) and the 19th driest (2012) years on record during the past 140 yr. Both of these extremes occurred during corn years. In both the corn and soybean phases of our rotation, significant differences in annual N 2 O emissions were noted.
Summed across the 10-yr period of our study, NO 3 loss in tile drainage water was reduced by 53.6% by the presence of a rye cover crop. This reduction is substantially greater than the 13% reduction in NO 3 leaching losses affected by a winter rye cover crop in a Minnesota corn-soybean system (Strock et al., 2004) . However, those investigators established a cover crop only following corn in their corn-soybean rotation. A meta-analysis presented by the Iowa Nutrient Reduction Strategy (Iowa State University, 2014) reported that cover crops can effect an average 31% reduction in NO 3 leaching across Iowa.
The NO 3 leaching data were used to estimate indirect N 2 O emissions using the IPCC Tier 1 protocol. Using the default emission factor of 0.0075 kg N 2 O-N kg −1 N, we estimate indirect N 2 O emissions during the 10-yr period of our study to be 2.69 and 1.25 kg N 2 O-N ha −1 for the no-rye and rye treatments, respectively. However, recent work has suggested that the default emission factor may underestimate indirect emissions. Beaulieu et al. (2011) examined N 2 O emissions from riverine systems and concluded that the riverine component of the default factor (EF 5r ) should be increased from 0.0025 to 0.0075 kg N 2 O-N kg −1 N. Similarly, Turner et al. (2015) found that N 2 O emissions from riverine systems in the US Corn Belt were underestimated by the IPCC default EF 5r of 0.0025 kg N 2 O-N kg −1 N and proposed a regional EF 5r of 0.015 kg N 2 O-N kg −1 N. However, the indirect N 2 O emissions from riverine systems is but one component of indirect emissions from N leaching and runoff. The IPCC default Tier 1 EF 5 is comprised of three components representing indirect emissions from N leached to groundwater (EF 5g ), N inputs to river systems (EF 5r ), and N inputs to estuaries (EF 5e ), each having an equal weight of 0.0025 kg N 2 O-N kg −1 N. Thus, development of a revised EF 5 must consider all three components. We are unaware of any proposed modifications to the estuary component (EF 5e ), and calculations of EF 5g from our tile water N 2 O data ranged from 0.0015 to 0.0021 kg N 2 O-N kg −1 N, which are similar in magnitude to the default EF 5g of 0.0025 kg N 2 O-N kg −1 N. The revised riverine factor of 0.015 kg N 2 O-N kg −1 N proposed by Turner et al. (2015) along with the default values of 0.0025 for EF 5g and EF 5e can be summed to compute a revised overall EF 5 of 0.020. This revised EF 5 falls within the upper uncertainty range for the default EF 5 factor (0.0005-0.025 kg N 2 O-N kg −1 NO 3 -N) proposed by the IPCC (2006) and was applied in our study (Table 5) . Cumulative indirect emissions estimated in our 10-yr study using this upper value yield estimates of indirect N 2 O emissions due to N leaching of 8.98 and 4.12 kg N 2 O-N ha −1 for the no-rye and rye treatments, respectively. These upper estimates represent approximately 15% of the direct emissions for the no-rye treatment and approximately 7.6% of the direct N 2 O emissions from the rye treatment. Although these revised estimates of indirect emissions are higher than those obtained using the default EF 5 (4.4 and 2.3% for no-rye and rye, respectively), indirect emissions appear to be a relatively minor component of the total N 2 O emissions from our system.
CONCLuSIONS
During a 10-yr period, the N 2 O emissions were monitored from a corn-soybean rotation with and without a winter rye cover crop. Although mean direct N 2 O emissions tended to be lower in the cover crop treatment, differences were not significant. The rye cover crop was effective in reducing NO 3 leaching losses, and based on NO 3 leaching measurements, estimates of indirect N 2 O emissions were significantly reduced in the cover crop treatment. Because the estimated indirect emissions were small relative to the direct N 2 O emissions, the total cumulative N 2 O emissions during the 10-yr period were not significantly influenced by the rye. It appears that the potential stimulatory and inhibitory effects of the cover crop on N 2 O production were either not manifested or offset one another. This, coupled with high year-to-year variations in precipitation, which are thought to have a strong influence on emissions, rendered the rye cover crop neutral with respect to direct N 2 O emissions.
